Affected by high temperature and pressure during the process of cutting stainless steel, the affinity element diffusion of tool-chips leads to the appearance of adhesion on the rake face, which eventually results in adhesion failure of the tool. In this study, we determined the formation of tool-chip adhesion during the cutting process using a cutting test; and put forward an experimental scheme of the element diffusion for clamped and welded specimens of the tool and workpiece. Fick's second law was used to develop a theoretical model of element diffusion to analyze the effect of tool-chip adhesion on the Fe and W element diffusion coefficient of Fe and W. The hardness of the tool surface was measured and analyzed after the diffusion experiment. The results showed that the tool-chip adhesion on the rake face of the tool was similar to pressure diffusion welding and that the tool-chip adhesion on the rake face directly affected the diffusion concentration of W, but had little effect on the diffusion concentration of Fe. In addition, the diffusion coefficient of Fe or W in the tool-chip adhesion is always greater for stick-welding than for non-stick-welding. The research results are of great significance for improving the cutting performance and tool life.
Introduction
When using carbide tools to cut stainless steel, the high temperature and pressure caused by the large feed rate and cutting depth, the elements in stainless steel increase the affinity between the elements in the stainless steel and the cutting tools; as a result, element diffusion, melting, and recrystallization occur and cause the welding of the tool and the workpiece. When the shear force cannot remove the adhesion, a solid adhesion layer is formed, as shown in Fig.  1 .The bonding force between the adhesion layer and the tool base is weakened and when the binding force is less than the shear force, the material in the adhesion layer is torn and removed in the form of chips, resulting in the failure of the tool contact with the workpiece surface and decreasing the service life of the tool. Therefore, it is important to improve the cutting performance of the tool by studying the diffusion behavior of the tool-chip elements in the cutting process.
(a) (b) Fig.1 The adhesion layer formed in the cutting process; (a) cutting tool bonded with the workpiece during the cutting process of stainless steel; (b) affinity diffusion between Fe, Cr, and Ni and the elements in the cutting tool Tool-chip adhesion
1
Minli ZHENG*, Jinguo CHEN* , **, Ze LI*, Wei ZHANG* , Pengfei LI* and Haihe XIE** When the cutting parameters are altered during the cutting process, the cutting force and the generated heat change, which affects the element diffusion process. The diffusion mechanisms have been explored using scanning electron microscopy (SEM) and energy spectrum analysis to observe the element diffusion. Domestic and foreign scholars have conducted many research studies on element diffusion and tool diffusion wear. Bai et al., (2016) studied the temperatures and stress at the tool/chip interface and the diffusion behavior of a Co/Ti interface at the atomic level and showed that the cutting speed had a significant effect on the element diffusion at the Co/Ti interface. Calatoru et al., (2008) found that high temperatures generated during the cutting process activated the diffusion of aluminum into the tool material, resulting in the formation of a eutectoid-containing Co aluminide (AlCo) with Co used as the binder; this process is an unusual and not well-known form of diffusion wear that prevents manufacturers to make full use of tungsten carbide tools for high-speed machining of aeronautical aluminum. Rashid et al., (2016) studied all possible tool wear mechanisms involved in the use of uncoated carbide cutting tools to machine Ti6Al4V titanium alloy at a cutting speed of 150 m/min under dry cutting conditions; the authors found that adhesion, diffusion, attrition, and abrasion were the mechanisms associated with the cratering of the rake surface of the cutting tool. Molinari and Nouari (2002) found that the temperature, cutting speed, initial concentration of the diffusion element, and the cutting tool and workpiece material were the main factors influencing the degree of diffusion. Sun and Lu (2016) investigated the effects of brazing time on the element diffusion and bonding strength of vacuum-brazed joints of 15-5PH stainless steel using the filler metal BNi-2; the results showed that the brazing time determined the concentration of the diffused elements. The cutting process is always accompanied by element diffusion and the change in the cutting parameters affects both the cutting temperature and the cutting force. However, there are few studies on the effects of temperature changes on the element diffusion.
It was found that the element diffusion affected the surface of the cutting tool if the rake face of the tool had a strong bond or was broken. Matsui et al., (2012) observed and analyzed cutting tools during the cutting process of a mild steel surface and evaluated the microstructure and element distribution of the residue at the tool/workpiece interface; the authors found that the residue consisted of fine ferrite grain that was produced by severe plastic deformation and the tungsten carbide (WC) particles of the cutting tool of the exhibited serious wear and tear. Soković et al., (2004) studied the element diffusion at the interface of a coated cermet tool and a workpiece and found that the element diffusion process resulted in a change in the composition of the boundary layers of the tool, which increased the mechanical damage of the cutting edge. Hao (2014) studied the material response to different cutting speeds at the tool-chip interface and the effect on tool wear by using physical vapor deposition-coated carbide tools to machine Inconel718; the results showed that the newly generated material reduced the tool hardness and bond strength of Co and flakes of wear debris fell from the tool substrate, which increased the tool wear. Zhang et al., (2009) determined that the removal of WC particles were due to Co diffusion that dominated the crater wear mechanism on the rake surface of the cutting tool rather than the diffusion of the W and C atoms. Deng et al., (2011) studied the adhesion on the tool rake and flank face and observed an adhesive joint interface between the workpiece materials and the tools; the element diffusion occurred from the tool rake face to the adhering layer (vice versa) through the adhesive joint interface, which resulted in the loss of elements from the tool and microstructural changes. Deng et al., (2008) studied the diffusion phenomenon of Co and WC using carbide cutting tools for dry cutting of titanium alloy Ti-6Al-4V and pointed out that the element diffusion at the tool-chip interface changed the composition of the cutting tool material and structure, thereby increasing the tool wear. Ramirez et al., (2017) studied the diffusion wear of a WC-10% Co cemented carbide tool using diffusion couple and cutting experiments. By using different durations of heat preservation in the diffusion couple experiment, it was discovered that the tool side close to the diffusion interface was a Co-rich area where no WC was found on the titanium side, whereas the tool elements were also found in the bonded titanium layer on the tool surface after the cutting experiment; this confirmed that the dissolution and compositional changes of the WC in the cemented carbide tool degraded the mechanical properties of the tool surface, eventually leading to crater wear. Chen et al., (2017) studied the tool-chip stick-welding approach and welding layer formation conditions of the carbide cutter's rake face and obtained the trends in the cutting temperature and the state of the stick-welding for different parameters. Tong et al., (2009) put forward the concept of metal gradient structure shafts and investigated the microstructure and diffusion behavior of Cr and the variation in the interfacial micro-hardness of a 25Cr5MoA/Q235 clad shaft. The results of these studies indicate that element diffusion plays a very important role in the wear and even breakage of the tool and affects the formation of adhesion on the surface; however, research is lacking on whether sticking adversely affects the element diffusion and the extent of the adhesion effect.
Zheng, Chen, Ze Li, Zhang, Pengfei Li and Xie, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) The review of the existing studies shows that dissimilar materials that are in contact with or bonded to each other undergo element diffusion at high temperature and high pressure, leading to changes in the composition and structural properties of the material, which in turn reduces the tool's service life. An understanding of the bond and the breakage behavior of the rake face can provide a basis for better exploration of the formation of the tool rake face during the cutting process. A combination of innovative experimental methods and powerful data analysis software to explore hard alloys and the influences of adhesion on the rake face of the tool on the element diffusion behavior and the tool components are used in this study. However, this is a difficult research area because the element diffusion of the tool and workpiece material is a dynamic process. In this study, the process of stick-welding on the rake face of the tool is analyzed during the cutting process and clamped and welded specimens that held at a given temperature for different time periods are used to simulate the states of the non-stick-welding and stick-welding respectively after diffusing; subsequently, the hardness of the tool surface is measured. The behavior of the element diffusion for the non-stick-welding and stick-welding during the cutting process is analyzed and the influence on the element diffusion and the cutting performance are discussed and analyzed.
Process of tool-chip adhesion on the rake face
In order to better understand the tool-chip sticking phenomenon during the cutting process of difficult-to-process materials, we chose a material that adheres easily to the workpiece to facilitate the observation and analysis of the temperature and pressure produced by the adhesive layer on the rake face of the carbide tool and the microstructure of the formed adhesive layer. We used stainless steel 1Cr18Ni9Ti containing a high Cr and Ni content; Ni provides a relatively stable austenite structure and Cr reduces the ability of the materials to resist adhesion; this facilitates the adhesion between the workpiece material and tool material. The carbide tool YT15 was used. Various cutting parameters were used for an in-depth analysis of the tool-chip sticking and the thermal conditions. In the test, the cutting depths were 2mm, 2.5mm, and 3mm, the feed rate range was 0.3mm/r-0.4mm/r, and the cutting speed range was 60m/min-240m/min.
The cutting experiment was carried out on a C6140 lathe; the cutting test system is shown in Fig.2 . A ThermovisionA40M infrared camera was used to obtain the cutting temperature near the cutting edge and the shooting time began when the tool cut into the workpiece and ended when the cutting was completed and the tool was retracted. The tool-chip contact at the carbide tool's rake face was recorded in real-time with a high-speed camera during the cutting process. The microscopic morphology and element concentration distribution of the rake face were analyzed by SEM.
.
Fig. 2 Stainless steel turning test system
The analysis of the temperature and cutting force during the cutting process showed the tool-chip contact when the chips moved through the rake face and the high-speed camera results captured the cutting process as chip contacted the rake face until damage occurred. It is found that the rake face of the tool is welded serious when the cutting parameters are v c =150m/min, a p =2.5mm, and f =0.35 mm/r. The cutting force data of the cutting parameters captured by the dynamometer show that the turning force is very unstable, as shown in Fig. 3(a) . It is assumed that the tool-chip contact area is 8 mm 2 during the cutting process under the given cutting parameters and the contact area of the tool-chip contact is equal. The minimum F z (300N) of the experimental process is the pressure of the tool-chip contact zone of 37.5 MPa after the positive pressure calculation, which reached the magnitude of the diffusion welding (Zhu et al., 2008) . It can be seen that the tool-chip force in the tool-chip contact area during the cutting process results in the mutual diffusion of Zheng, Chen, Ze Li, Zhang, Pengfei Li and Xie, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) the elements. In addition, the temperature of the tool-chip contact area reaches more than 1000°C and the average temperature is approximately 800°C; a red flame appears in many cases, as shown in Fig. 3(b) .
(a) (b) Fig. 3 Cutting force and cutting temperature under the cutting parameters of cutting speed v c =150 m/min, feed rate f=0.35 mm/r, and cutting depth a p =2.5mm; (a) cutting force; (b) cutting temperature The area of the tool where the adhesion phenomenon occurs is cut along the longitudinal plane and is ground and polished. The interface microstructure and element concentrations are shown in Fig.4 . As can be seen from Fig.4 , the tool-chip material is tightly packed and there is no lack of contact in the middle or change in the microstructure near the interface between the tool and the chip; this indicates that a solid weld was formed between the two materials and that the weld strength exceeded the bond strength inside the cemented carbide. The SEM results indicated the element concentration at the tool-chip adhesion interface; the elements with higher contents and more obvious diffusion in the bond interface were selected for analysis and it was found that the tool contained a certain amount of Fe and the workpiece contained a certain amount of W, which illustrates the occurrence of the element diffusion between the tool and workpiece materials.
(a) (b) Fig.4 Tool-chip adhesion interface; (a) adhesion and its position at the rake face; (b) concentration distribution of the major elements at the diffusion interface (red and blue lines represent Fe and W respectively) The results shown in Fig. 2, 3 , and 4 demonstrate that the tool rake face exhibits a certain amount of adhesion during the start of the cutting process and as the adhesion increases, the tool rake face is covered by the adhesion at a cutting temperature of approximately 800°C. At this time, the pressure at the tool-chip contact area reaches the magnitude of the pressure of diffusion welding. During the cutting process, high heat is generated because of the high temperature and when the cutting speed is low and the material has a slow heat dissipation and good ductility, the material will partially melt on the rake face, resulting in a "sticking tool" phenomenon. Carbide is based on Co and during the bonding phase, a connection and wetting of the hard phase occur by sintering; therefore, the surface is not smooth and "micro-bulges" appear. As a result, the friction and bite of the chips causes some of the chips to remain on the surface in the early cutting stage, resulting in a small amount of adhesion; at this time, the rake face mainly exhibits wear. As the cutting time increases, the material bonded to the rake face is continuously pressed and sheared by the continuous influx of chips, and the element diffusion under high temperature and pressure causes changes in the composition and performance of the tool rake face. With increased adhesion, a stable sticking area is eventually formed under the action of high temperature and pressure, friction, and extrusion.
Pressure diffusion welding generally goes through three stages: the first stage is the friction process and the pure metal surface is exposed because of the mutual friction between the contacts; this eliminates the oil, oxides, etc. on the surface of the workpiece, causing the friction to expand from an initial point to the surface. The second stage is marked by increases in the temperature of the contact surface and the deformation resistance decreases as a result of the repeated friction. Under the combined action of the static pressure and alternating shearing stress, the surface of the Vol.12, No.4 (2018) weld undergoes a plastic flow, prompting the atoms of the pure metal to approach the range of gravitational attraction and atomic diffusion and interaction and even recrystallization occur. The third stage is the friction process, during which the contact area increases, forming a plastic flow layer within the welded zone and the mechanical bite between the weld emerges. There are fewer occlusion points in the early stage and the occlusion area is small; therefore, they can be destroyed easily. The number and area of the biting points increase in the later period and a solid joint is formed when the shear force is larger than the binding force. The formation of the adhesion zone is similar to that of the pressure diffusion welding and occurs under the action of pressure and friction on the contact surface; the area of bonding changes from small to large and is accompanied by the transfer of elements, ultimately forming a stable bond or a solid joint. The appearances of the tool-chip adhesion areas and the joint are shown in Fig.5 , indicating a firm bond. Therefore, the experiment of the clamped and welded specimens was used to simulate the non-stick-welding and stick-welding during the cutting process and to explore the effect of stick-welding on the element diffusion. 
Diffusion experiment

3.1Establishment of the experimental system
The cutting force and heat and the microstructure of the bonding interface were analyzed and the experimental system was established based on the adhesive layer formation of the cemented carbide rake face. The two methods of clamping and welding are used to prepare the diffusion couple experiment. The preparation of the clamped specimens was conducted as follows. The stainless steel was directly machined into rectangular sheets and the shape was consistent with the carbide tool; a hole with a diameter of 6mm was created in the middle of the stainless steel sheet and the carbide tool was fastened to the stainless steel sheet by bolts. The preparation of the welded specimens was as follows. After fixing the stainless steel sheet and the carbide blade with bolts, the solder whose components were compatible with the stainless steel sheet material was melted and welded together with the carbide tool. The surface of the diffusion couple was ground and polished and the effect after polishing is shown in Fig. 6. (a) Clamped specimens (b) Welded specimens Fig. 6 Diffusion specimens The diffusion couple experiment was used to explore the influence of the heat preservation time and the stick-welding on the diffusion concentration of the elements. Due to the continuous flow of chips during the cutting process, the rake face of the tool is always in contact with the chip surface; therefore, the clamped specimens that are held for 15min, 30min, and 180min at 800℃ are used to simulate the tool-chip element diffusion at different times when there is no adhesion on the rake face. During the continuous cutting process, the workpiece material adheres to the rake face of the tool and the stick-welded layer is finally formed; the diffusion couple experiment with the welded Zheng, Chen, Ze Li, Zhang, Pengfei Li and Xie, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) parts is used to simulate the diffusion of the tool-chip elements. The cutting process continues after the adhesion occurrence; therefore, the welded diffusion couple experiments (with specimens held for 15min, 30min, and 180min at 800°C) is used to simulate the element diffusion conditions for different cutting times after the formation of the stick-welded layer. During the experiment, a furnace is used for heating and heat-holding, as shown in Fig. 7 . Fig. 7 Heating and heat-holding equipment
Results and discussion
Element diffusion analysis of tool-chip
The results of the surface treatment of the clamped specimens after holding for 15min, 30min, and 180min at 800°C and the energy spectrum analysis are shown in Fig. 8 . Zheng, Chen, Ze Li, Zhang, Pengfei Li and Xie, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) increase significantly for the different holding times. The diffusion concentration of Fe increases with the increase in the holding time within 6μm near the diffusion interface and it increases consistently with the increase in the distance from the diffusion interface. By analyzing the behavior of the Fe concentration of the tool, it is evident that an initial adhesion occurred when cutting the stainless steel 1Cr18Ni9Ti with the carbide tool. The diffusion of Fe in the tool and the workpiece material takes place at a certain pressure and the temperature of the contact zone reaches a certain temperature. The element diffusion markedly increases with the cutting time, which indicates that the cutting time does have a certain impact on the concentration. Therefore, when the cutting temperature reaches the temperature at which adhesion occurs, it is necessary to control the cutting time to avoid the increase in the element diffusion on the rake face and reduce the tool bond damage.
The results of the surface treatment of the welded specimens after holding for 15min, 30min, and 180min at 800°C and the energy spectrum analysis are shown in Fig. 10. (a) (b) (c) Fig.10 Element concentration distribution of C, Ti, Co, Cr, Fe, and W for the welded specimens at different holding times at 800℃; (a) 15 min; (b) 30 min; (c)180 min Similarly, the diffusion concentration of the Fe on the side of the tool for the different holding times is determined and the Fe concentration is shown in Fig.11 . It is evident that the change trends of the element concentration are consistent with those of the clamped specimens for the different holding times; as the holding time increases, the concentration of the element diffusion increases but the changes are relatively small.
In order to further investigate the influences of the stick-welding on the element diffusion for the clamped and welded specimens, the diffusion concentration curves of Fe and W are determined for a holding time of 180min and the results are shown in Fig. 12 .
The results show that for the same holding time, the effect is the same for the welded and clamped specimens for the same element but the effect differs for Fe and W. The diffusion concentration and rate are slightly higher for the welded specimens than for the clamped specimens for Fe; however the diffusion concentration of Fe tend to be consistent away from the interface, which indicates that the stick-welding has a small effect on the diffusion rate and concentration of Fe at a distance of a few microns from the interface but there is essentially no effect on the final concentration. However, the diffusion concentration of W is higher for the welded specimens than the clamped Systems, and Manufacturing, Vol.12, No.4 (2018) specimens and there is no influence on the final concentration, which means that the stick-welding has an effect on the diffusion of W and facilitates the diffusion of W to some extent.
Influence of the tool-chip adhesion on the element diffusion coefficient
It can be seen from the results of these experiments that regardless of non-stick-welding and stick-welding, the element concentration increases with the increase in the holding time and the concentration remains unchanged at a certain distance from the interface. In the case of the constant holding time, the stick-welding facilitates the element diffusion; the impact on Fe is small whereas the effect on W is more pronounced. Fick's second law is used to quantitatively describe the concentration distribution of the elements for a certain state and the influence of the stick-welding on the element diffusion is investigated by calculating the diffusion coefficients of Fe and W.
During the cutting process, a tool-chip contact occurs on the rake face of the carbide tool and the diffusion of the tool and workpiece material are dissimilar due to the different materials and the element concentration varies with time; therefore, the diffusion equation in an unsteady situation is established using Fick's second law. The retention of the workpiece material on the rake face is caused by thermal stress induced by friction at the contact area between the chip and tool rake face. This happens continuously and results in bonding; therefore, the infinite diffusion model is chosen to describe the element diffusion state on both sides. The model is shown in Fig. 13 . 
The general solution of Eq. (2) obtained by the substitution method is as follows:
where β = λ / (2 D ); the evolution of the Eq. (2) Zheng, Chen, Ze Li, Zhang, Pengfei Li and Xie, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) where C is the concentration of the element, D is the diffusion coefficient, x is the diffusion distance, A is the concentration range of the corresponding element, and B is the element concentration at the central interface.
The solution of the equation is determined by combining the initial and boundary conditions of the diffusion element concentration in the combined interface.
The initial conditions are defined as follows:
The boundary conditions are defined as follows:
C 1 and C 2 are obtained respectively by Eq. (4) and the boundary condition is as follows:
According to erf (+∞)=1,erf (-∞)=-1; therefore, C 1 and C 2 can be expressed respectively as follows:
where t and x are respectively the diffusion occurring after a period time and the solute concentration distributed along the x-direction. When A and B are plugged into Eq.(4), the formula of the element diffusion concentration can be written as follows (Xu, 2014) :
where C 1 is the initial concentration of an element in the workpiece material, C 2 is the initial concentration of an element in the tool material, t is the diffusion time, and erf (β) is the complementary error function. According to Eq. (9), the origin of the data processing software is used to nonlinearly fit the element concentration distributions of Fe and W for the clamped and welded specimens held for 180min respectively, as shown in the Chen, Ze Li, Zhang, Pengfei Li and Xie, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) can be obtained by fitting the curve, as shown in Table 1 . According to Table 1 , the diffusion coefficient is higher for the welded specimens than the clamped specimens for Fe and W. The diffusion coefficient is a physical quantity that describes the material diffusion capacity and is expressed by the mass or mole number of the substances diffusing vertically through a unit area along the direction of diffusion.
According to the diffusion coefficient formula
, the most important factor that influences the diffusion coefficient is the temperature; in addition, the structure of the diffusion phase medium, structural defects, and impurities also affect the diffusion coefficient. In the case of the stick-welding layer, the structure of the diffusion phase is different for the substrate and the bonding zone, which causes the distortion of the stress field near the diffusion medium, and vacancy defects can occur. In the substrate of the tool, the increase in the Fe depends on the number of impurities, and if this occurs in conjunction with vacancy defects in the substrate, the number of vacancies will increase, which promotes the diffusion and the diffusion coefficient under the same temperature conditions will increase.
Influence of the element diffusion on the hardness at the tool surface and analysis of breakage morphology
The tool specimens after the clamped diffusion experiment with the 180-min holding time are used as the sample pieces. Alcohol is used to wash the surface of the tool and four points are selected respectively on the contact and untouched surfaces between the tool and workpiece, as shown in Fig. 15 . Table 2 . The hardness value of the tool surface that is in contact with the workpiece is 850-936HV, whereas the hardness value of the untouched surface is in the range of 1320-1450HV, representing a decrease in hardness number of about 30%.The contact surface is identical to the non-contact surface with regard to temperature, pressure, etc. but because of the contact with the workpiece, the contact surface is affected by the workpiece material and the loss of the tool's elements, which causes the changes in the composition and structure of the contact surface, thereby affecting its hardness value. Fig. 16 shows the rake face of the tool after breakage under microscope with super wide depth of field. The tool breakage usually occurs near the maximum depth of the rake face and the depth of the breakage is in the range of 100-300μm.
